This report documents slow changes in cochlear responses produced by electrical stimulation of the olivocochlear bundle (OCB), which provides efferent innervation to the hair cells of the cochlea. These slow changes have time constants of 25-50 set, three orders of magnitude slower than those reported previously.
Such "slow effects" are similar to classically described "fast effects" in that (1) they comprise a suppression of the compound action potential (CAP) of the auditory nerve, mirrored by an enhancement of the cochlear microphonic potential (CM) generated largely by the outer hair cells; (2) the magnitude of suppression decreases as the intensity of the acoustic stimulus increases; (3) they share the same dependence on OCB stimulation rate; (4) both are extinguished upon cutting the OCB; and (5) both are blocked with similar concentrations of a variety of cholinergic antagonists as well as with strychnine and bicuculline. These observations suggest that both fast and slow effects are mediated by the same receptor and are produced by conductance changes in outer hair cells. Slow effects differ from fast effects in that (1) fast effects are greatest for acoustic stimulus frequencies between 6 and 10 kHz, whereas slow effects peak for frequencies from 12 to 16 kHz, and (2) fast effects persist over long periods of OCB stimulation, whereas slow effects diminish after 60 set of stimulation. The time course of the slow effects can be described mathematically by assuming that each shock-burst produces, in addition to a fast effect, a small decrease in CAP amplitude that decays exponentially with a time constant that is long relative to the intershock interval. The presence of a prominent efferent innervation from the brainstem to the cochlea is well documented (reviewed by Warr, 1992) . Anatomically, the olivocochlear bundle (OCB) comprises two major subsystems: one projecting via myelinated axons primarily to the outer hair cells (the medial olivocochlear, or MOC, system), and a second projecting via unmyelinated axons primarily to the dendrites of auditory nerve fibers in the area under the inner hair cells [the lateral olivocochlear (LOC) system] (Smith, 1961; Smith and Sjostrand, 1961; Kimura and Wersall, 1962; Warr and Guinan, 1979; Liberman, 1980; Brown, 1987) . Electrical stimulation of the OCB at the floor of the IVth ventricle causes suppression of sound-evoked auditory nerve discharge; this effect can be measured either by recording compound action potentials (Galambos, 1956) or single-fiber activity (Wiederhold and Kiang, 1970; Teas et al., 1970; Gifford and Guinan, 1983) . Current evidence suggest that these suppressive effects are mediated by the MOC system; the peripheral effects of LOC activation remain unknown Gifford and Guinan, 1987) . A large body of histochemical and pharmacological evidence has accumulated, indicating that the MOC system uses the neurotransmitter acetylcholine (ACh). The receptor on the outer hair cells that mediates the effects of ACh has an unusual pharmacological profile (Bobbin and Konishi, 1974; Guth et al., 1976; Kujawa et al., 1994) , but it appears to be more similar to other nicotinic than to muscarinic receptors in that it contains an ion channel (Housley and Ashmore, 1991; Fuchs and Murrow, 1'992; Erostegui et al., 1994) .
The time course of OCB-mediated suppression has been studied by Wiederhold and Kiang (1970) who recorded from cat auditory nerve fibers while stimulating the OCB. They demonstrated that suppression (1) builds up to its maximum level within 100 msec after shock-train onset, (2) can be maintained for many minutes with continued OCB stimulation, and (3) dissipates exponentially over 100 msec after shock-train offset. In the course of our studies on the pharmacology of this efferent synapse in the guinea pig, we noted that the effect of OCB stimulation on the round-window potentials included "slow" suppressive effects that waxed and waned with a decay time constant several orders of magnitude greater than those previously reported.
In the present report, we summarize results from a series of physiological experiments designed to characterize the basic features of these slow effects, and a series of pharmacological studies designed to determine whether the classic fast effects and these novel slow effects are mediated by the same receptor. An- Time (msec) Figure I . Waveform of the cochlear microphonic and compound action potential in response to an acoustic click. Shown are a control response to a click, and a response to a click presented 10 msec after a train of shocks to the OCB. Arrows delineate time windows within which the peak-to-peak amplitudes of the CM and CAP were measured. The difference in amplitude of the two waveforms is a measure of the fast effect of OCB stimulation, showing enhancement of CM and suppression of CAP. Click level was 20 dB above threshold.
tagonists examined included three nicotinic blockers (curare, decamethonium, and hexamethonium), two muscarinic blockers [atropine, a broad spectrum blocker, and 4-diphenylacetoxy-Nmethylpiperidine (4-DAMP), an M3 receptor blocker], strychnine (an atypical cholinergic antagonist), and bicuculline (a GABA antagonist shown to block the effects of ACh on hair cells) (Erostegui et al., 1994; Kujawa et al., 1994) .
Materials and Methods
In our preparation, efferent fibers to the cochlea were electrically stimulated in the brainstem while responses reflecting the summed activity of hair cells and auditory nerve fibers were recorded from the inner ear (Brown et al., 1983; Guinan, 1983, 1987) . Albino guinea pigs of either sex, weighing between 350-600 gm, were anesthetized with Nembutal (15 mg/kg, i.p.) and Innovar-Vet (0.4 ml/kg, i.m.), or with urethane (1.5 g/kg, i.p.) and Innovar-Vet (0.25 ml/kg, i.m.). The animals received boosters of urethane (l/3 the original dose) after 6-8 hr, and boosters of Innovar-Vet and Nembutal (l/3 the original dose) every 2 hr. Animals were tracheostomized and connected to an artificial respirator. The temperature within the experimental chamber was maintained at 32-33°C. A heating blanket was used to maintain the rectal temperature of the animal between 37-39°C. The pinnae were removed, and the cochlea was exposed by a dorsolateral approach. Middle-ear muscles were inactivated for some experiments by exposing and severing their innervation in the epitympanic space. Acoustic stimuli were produced by a 1 inch condenser microphone driven as a sound source and were measured on line by a l/4 inch microphone and probe tube assembly housed in a brass coupler that sealed tightly around the cartilaginous portion of the external ear (Kiang et al., 1965) .
To measure the compound action potential and cochlear microphonic, gross electric potentials that represent the summed activity of the auditory nerve fibers and the outer hair cells, respectively, a silver-wire electrode was placed near the round window and an indifferent electrode was connected to the tongue or placed in the neck muscles. Responses to acoustic stimuli (see below) were amplified 10,000 times by an AC-coupled amplifier (bandpass IOO-10,000 Hz). The resulting signal was digitized with 30 ysec sampling interval via a 12.bit A/D converter (National Instruments A2000), and the digital waveforms were averaged on line using custom software in LabView II (National Instruments) on a Macintosh computer. A posterior craniotomy was per- formed, and a portion of the cerebellum was aspirated to expose the floor of the IVth ventricle. The OCB was stimulated electrically with electrodes placed on the floor of the IVth ventricle at the midline, where the OCB runs close to the surface of the brainstem (White and Warr, 1983) . The stimulator consisted of a rake of six fine, silver wires placed at 0.5 mm intervals. After placement of the rake along the brainstem midline, different pairs of electrodes were assayed to find the optimum pair for eliciting OC activity. Shocks were always monophasic pulses of 150 psec duration. Shock levels were typically set 5-10 dB above threshold for facial twitches in the absence of the paralytic. To section the OCB, a rostrocaudal incision was made along the lateral border of the floor of the IVth ventricle (Liberman, 1990) . Since electrical stimulation of the OCB can cause muscle twitches, muscle paralysis was induced with d-tubocurarine (1.25 mg/kg, i.m.) and maintained with boosters as necessary. OCB-induced changes in cochlear microphonic and compound action potentials were determined from digitized waveforms such as those illustrated in Figure 1 . Three different protocols were used in studying the effects of OCB stimulation and are illustrated in Figure 2 . The protocols differed in the timing and the number of both shocks and acoustic stimuli. The alternating shock-burst paradigm (Fig. 2B ) was used in experiments to examine the pharmacology of efferent stimulation, where the slow effect was first noticed. The slow effect was physiologically characterized with the shock-burst paradigm ( Fig. 2A) and with the continuous-shock paradigm, which gave better temporal resolution of the effect and had very different duty cycles. We continued to use the alternating shock-burst paradigm in the pharmacological experiments since we had already collected considerable data with that protocol. Acoustic stimuli for all paradigms were clicks (100 p,sec duration) or tone pips (4 msec duration, 0.5 msec rise-fall times, cos2 shaping), and were typically presented at 20-30 dB above visual detection threshold for the compound action potential.
In the shock-burst paradigm ( Fig. 2A) , a burst of OCB shocks (300/ set for 300 msec) was presented every 1.5 sec. A pair of acoustic stimuli was presented so that the first was 10 msec, and the second 600 msec, after the end of each shock burst. An unaveraged CAP waveform was obtained in response to each stimulus presentation, and the peakto-peak amplitude computed. Control responses (with no shocks) were measured before, and for at least 1 min after, the train of shock bursts.
In the alternating shock-burst paradigm (Fig. 2B ) used for pharmacological experiments, a burst of OCB shocks (300/set for 300 msec) was presented every second. Acoustic stimuli (tone pips or clicks) were presented 10 msec after the end of each burst. An averaged CAP waveform was obtained (and the peak-to-peak amplitude computed) in response to eight such clicks, and this amplitude was compared with that obtained in response to eight clicks presented without OCB shocks. These two CAP measures (with and without OCB shocks) constituted one cycle of the paradigm, and the cycle was repeated five times during one run. Successive runs were separated by intervals of approximately 3.5 min, during which there was neither acoustic nor OCB stimulation.
In the continuous-shock paradigm (Fig. 2C) , OCB shocks were presented at 150-3001sec for a period of lo-600 set; the pre-and postshock trial periods lasted between 30 and 300 sec. Acoustic stimuli were presented every 100 msec continuously, and CAP waveforms (averaged from responses to five such stimuli) were obtained every second. During OCB stimulation, large shock artifacts in the round-window response were eliminated by discarding individual waveforms from the average if the peak-to-peak amplitude exceeded the control CAP amplitude by more than 20%.
For pharmacological experiments designed to block the cholinergic receptor at the outer hair cells, drugs were perfused through the Scala tympani space of the cochlea. An inlet perfusion hole was drilled in the cochlea just apical to the round window with a 0.25 mm, hand-held pivot drill. After an additional ventral opening was made in the bulla, an outlet perfusion hole in the apex of the cochlea was pricked with a right-angle pick. Only those animals in which cochlear-thresholds remained within 20 dB of the oredrilling values are included in this reoort. The perfusion pipette (a 31Agauge, syainless steel cannula) was placed in the basal hole and artificial perilymph (composition: 120 mM&NaCI, 3.5 mM KCl, 1.5 mM CaCl,. 5.5 mM glucose. 20 mM HEPES: titrated with NaOH to pH 7.5; total Na + = 130-m@ w'as infused by a peristaltic pump at 5 pllmin. (In three experiments, the flow rate was 15 pllmin.) Since the seal between the pipette tip and the hole in the Scala tympani was not leak proof, the actual perfusion rate was less than the flow rate. During the perfusion, the middle-ear cavity was drained with a gauze pad. All pharmacological agents [atropine sulfate, 4-DAMP methiodide, d-tubocurarine chloride, hexamethonium dichloride, (-)-bicuculline methiodide, and strychnine hydrochloride] were obtained from Research Biochemicals Inc. (Natick, MA), except for decamethonium bromide, which was obtained from Sigma Chemical Co. (St. Louis, MO). The antagonists were dissolved in artificial perilymph and loaded into a loop; by turning a valve, the flow of the artificial perilymph could be diverted through the loop containing the drug, thus eliminating any mechanical artifact associated with drug application. Based upon injections of dye, the lag between the opening of the valve and the arrival of drug at the ear was 10 min. This was due to a fluid dead space between the valve and the inlet hole in the cochlea of about 50 p,l. Maximal concentrations of dye were not achieved until 13 min, presumably due to laminar flow at the leading edge of the injectate. The earliest discernible effect of drugs was typically about 15 min. This additional 2-5 min was probably attributable to perfusion time through the Scala tympani and to diffusion time through the organ of Corti.
Drugs were perfused through the Scala tympani in increasing concentration until maximal effects were noted and then washed out with artificial perilymph. In some experiments it was possible to test the effect of more than one drug on the same cochlea. Dose-response curves were obtained by measuring the suppression magnitudes for each dose and comparing them to baseline levels, defined as the mean of measurements made for 25 min before the first dose reached the cochlea. To ensure that the measure of response blockade reflected the maximal effect for a particular dose, only the last data point obtained before the next higher drug concentration reached the cochlea was used.
Response blockade for each drug at each dose was averaged from a number of animals (n 2 4), and the following sigmoidal curve was fit to the data:
where y(D) is the percentage response blockade due to antagonist application at concentration D, and y,,, is the maximal response. The EC,,, is the antagonist concentration required to produce a 50% block of efferent effects, and n is a factor describing the steepness of the doseresponse curve (Patneau and Mayer, 1990) . Fits were obtained using KALEIDAGRAPH software (Press et al., 1988) .
Results

Demonstration of slow effects with different patterns of OC stimulation
The effect of electrical stimulation of the OCB is to suppress the CAP of the auditory nerve (Fig. 1) . Other studies have reported that the onset and offset time constants for OC-mediated suppression are about 60 msec (Wiederhold and Kiang, 1970) . The distinction between these classic "fast" effects of OCB activation and the novel "slow" effects is illustrated in Figure 3 using three different experimental paradigms (see Fig. 2 and Materials and Methods).
In one paradigm (Fig. 3A) , a burst of OCB shocks was presented every 1.5 sec. After each shock burst, two identical tone pips were presented. The first (pip 1) was within a fraction of the decay time constant for OCB fast effects. Pip 2 occurred much later, at a time equivalent to approximately 10 decay time constants of the fast effect. Thus, based on existing descriptions of OC-mediated suppression, there should have been a reduction in pip-l CAP after the first shock-burst and no change in pip-2 CAP This was, in fact, observed, but only for the first few shock-burst presentations. After several shock bursts had been presented, a steady decrease in the response to both pip 1 and pip 2 began to appear; after the shocks were terminated, a lingering suppression of the CAP was seen and amplitudes did not return to preshock control values for about 90 sec. These are two manifestations of the "slow" effects of OCB stimulation.
Similar slow effects were seen when the OCB was stimulated intermittently. In the alternating shock-burst paradigm (Fig. 3B) , sets of eight shock bursts were interleaved with 8 set "control" periods without OCB stimulation. The CAP amplitude during these control periods (open circles in Fig. 3B ), as well as the CAP evoked while shocking the OCB (filled circles), gradually decreased as each set of shock bursts was presented. There was also a lingering suppression of CAP amplitude for as long as 100 set after the last set of shocks.
The same slow-onset and slow-offset suppression was seen when the OCB was stimulated continuously. In the continuousshock paradigm (Fig. 3C) , tone-pip CAP was monitored before, during, and after a continuous train of OCB shocks lasting for 60 sec. There was an immediate CAP reduction in the first measurement taken after shock-train onset (each CAP measure required about 1 set to acquire; thus, the fast-effect onset appears immediate). As with the other two paradigms, there was a slow decrease in CAP amplitude during the OCB stimulation for at least 40 set after shock-train onset and a lingering suppression of CAP amplitude after shock-train offset that required at least 90 set to disappear.
The slow effects of OCB stimulation on CAP illustrated in Figure 3 were robust in the sense that they were clearly demonstrable in every guinea pig tested, which included 26 animals examined with the shock-burst paradigm, 46 animals with the alternating shock-burst paradigm, and 20 animals with the continuous-shock paradigm. However, shocks delivered at the floor of the IVth ventricle could have other effects besides activation of the OCB, including direct effects on the cochlea itself. To test whether slow effects are, indeed, mediated by the OC pathway, fast and slow effects were measured bilaterally in five animals in which the OCB to one ear was sectioned by a lateral The slow effect is seen as the steady decrease in the responses to both pips. B, Alternating shock bursts were presented. The fast effect is seen as the amplitude difference between the pips without shocks and the pips with shocks. The slow effect is seen as the steady decrease in the response to both pips. C, Continuous shocks were presented. The fast effect is seen as the immediate decrease in CAP amplitude and the slow effect is seen as the slow decrease in amplitude. All acoustic stimuli were tone pips at 14.5 kHz presented 25-30 dB above threshold. For all panels, the vertical axis (peak-to-peak CAP amplitude) is normalized to the average value for all measures before the first OCB shocks.
incision in the floor of the IVth ventricle. As illustrated in Figure  4 , unilateral interruption of the OCB extinguished both slow and fast effects on the de-efferented side (Fig. 4B) while not affecting responses on the intact side (Fig. 4A) . In eight animals, we further demonstrated that middle-ear muscle activation was not involved in the generation of slow effects, since slow effects were unaffected by surgical inactivation of the muscles (data not illustrated).
One possible explanation for these slow effects is that OC fibers slowly increased their rate of discharge during and after repeated electrical stimulation of the brainstem due to effects (either direct or indirect) at their cell bodies in the brainstem. To test this hypothesis, one experiment was performed (using the alternating shock-burst paradigm) in which the OCB was sectioned immediately after the last burst of shocks. As illustrated in Figure 4C , an initial "control" run (open circles) showed that the slow effects were within the normal range in this animal. In a second run of the paradigm (crosses), the OCB was sectioned immediately after the last shock burst. The magnitude of the lingering suppression of CAP and the time required for recovery were not fundamentally different from that seen in the control run. In a final run (not illustrated) the completeness of the OCB cut was demonstrated: fast and slow effects of the OCB shocks had disappeared. These data show that the slow effects are not due to changes in the excitability or resting discharge of OC neurons.
Decrement and overshoot of the slow effect
For the measurements illustrated in Figure 3 , the total elapsed time from the first to the last OCB shock was 60-80 sec. This shock-train duration maximizes the size of the slow effects. As shown in Figure 5A , when electrical stimulation was prolonged beyond 60-80 set, slow effects began to decline: the CAP amplitudes to both pip 1 and pip 2 recovered in the face of continued shock-burst presentation, and the lingering suppression after the last shock burst was significantly less (compare Figs. 3A, 5A). Although slow effects of OCB stimulation appeared to wax and wane in the face of continued OCB stimulation, the fast effect, that is, the difference in CAP amplitude to pip 1 and pip 2 of any given stimulus pair, remained nearly constant throughout. Similar trends can be seen in the data obtained in the alternating shock-burst paradigm (Fig. 5B ) and in the continuousshock paradigm (Fig. 5C) . In all three cases, the decrement of the slow effect is seen as (1) a slow recovery in the magnitude of the CAP during the OCB stimulation after a minimum was reached 60-90 set after the shock-train onset, and (2) a decreased magnitude of the lingering suppression after shock-train offset.
During the recovery phase after shock-train offset, there can be an overshoot in CAP amplitude, that is, the mean CAP amplitude can be larger than that seen before the first shock burst. Such an overshoot is especially clear in the data in Figure 6 : the postshock CAP amplitudes were markedly higher than control values for a period of about 100 set after the recovery phase following the last shock burst. Signs of elevated CAP amplitudes could last for as long as 5 min after shock-train offset and could represent as much as a 25% increase over preshock values. Time (set) Figure 5 . Fast and slow effects on CAP amplitude seen during several minutes of OCB stimulation for the three experimental paradigms illustrated in Figure 2 . The acoustic stimuli were tone pips at 14.5 kHz in A and B, and 16 kHz in C. All stimuli were presented at 25-30 dB above threshold. All other aspects of data collection and display are as described for Time (set) Figure 4 . Sectioning the OCB eliminates both fast and slow effects of OCB shocks, but only if performed before the shocks are presented. Data in A and B are from the left and right ears of one animal in which the OCB was cut to one side, before the OCB shocks were presented. Data in A and B represent consecutive runs obtained 12 min apart without moving the OCB stimulator. Data points in both panels represent normalized CAP responses to pairs of low-level clicks (roughly 10 dB above threshold) as seen in the shock-burst paradigm described in Figure 2A . Data in C are from a different animal in which the OCB was cut immediately after cessation of the shocks, during one run of the alternating shock-burst paradigm. The time course of the recovery of CAP was unchanged after cutting the OCB, indicating that the recovery of the slow effect was independent of OCB input. The acoustic stimuli were tone pips at 14 kHz, 20 dB above threshold.
ture of our data than the slow suppressive effect on CAP described above. Although our data are limited, it is clear that the size of the overshoot was not proportional to the size of the slow suppression that preceded it.
Similarities and differences between fast and slow effects
Classic fast effects of OCB stimulation on round window potentials are known to comprise, in addition to suppression of the Time (set) Figure 6 . Overshoot in CAP amplitude after 30 shock bursts were presented to the OCB using the paradigm illustrated in Figure 2A . Acoustic stimuli were clicks presented at about 20 dB above threshold.
CAP, an enhancement of the cochlear microphonic (CM) (Fex, 1959; Wiederhold and Peake, 1966) , which reflects the summed receptor potentials of outer hair cells (Dallos, 1973; Russell and Sellick, 1983) . To look for slow effects of OCB stimulation on the CM, we used moderate-level, 100 psec clicks, which allowed CM and CAP to be distinguished based on response latency (Fig. 1) . In Figure 7 , both a fast CM enhancement and a fast CAP suppression can be seen as the difference in response amplitudes to click 1 and click 2 of each stimulus pair. There was also a slow enhancement of the CM that mirrored the slow suppression of the CAP (seen for CM and CAP amplitudes in response to click 2).
Another classic feature of fast effects is that the magnitude of response suppression decreases as the level of the acoustic stimulus increases (Wiederhold, 1970) . As illustrated in Figure SA , the slow and fast effects demonstrated a similar dependence on stimulus level. For the slow effect, the average suppression magnitude decreased from about 20% to less than 10% as click level rose from about 10 dB above threshold (70 dB attenuation) to levels 40 dB higher. Over the same stimulus level range, the fast-effect magnitude from the same set of measurements also decreased by about a factor of 2.
Another stimulus parameter known to affect the magnitude of the fast effect is the rate at which the OCB is shocked: shock Shock Bursts (one every 1. I  I  I  I  I  I  I  I  I  I  I  I  1  0  100  200  300  400  500  600 Time (set) Figure 7 . Slow and fast effects of OCB stimulation on the cochlear microphonic (CM) and the CAP, measured simultaneously. The paradigm used is the same as that described in Figure 2A , except that for each acoustic stimulus, the peak-to-peak amplitude of the CM and CAP are measured separately: the stimuli were clicks (presented roughly 20 dB above threshold), and the CM and CAP were separated according to response latency (Fig. 1) . rates of 200-400/set produce maximal suppression (Desmedt, 1962; Wiederhold and Peake, 1966; Gifford and Guinan, 1987) . As shown in Figure SB , varying shock rate affected both fast and slow components similarly, with maximal effects seen at a shock rate of 300/set.
One important way in which the magnitude of the fast and slow effects differed was in their dependence on the frequency of the acoustic stimulus. As has been demonstrated by others, the largest fast effects are seen for responses from cochlear regions tuned to frequencies between about 6 and 10 kHz, with effects decreasing monotonically for cochlear regions apical and basal to those locations (Guinan and Gifford, 1988) . Such a magnitude versus frequency distribution corresponds well to the , and stimulus frequency (C). A, These data represent average value's for four animals (+ standard error), collected using a variant of the shock-burst paradigm illustrated in Figure 2A: click level was changed between each pair of clicks, stepping through five levels, and then repeating the sequence. For each animal tested, the fast effect was measured by averaging, for all the responses at a given click intensity when the shock bursts were present, the difference in CAP magnitudes to the first versus the second pips of each stimulus pair:
% suppression = (1 -CAP,/CAP2) * 100 The slow effect is measured by computing, for all the responses, the difference between the ayerage CAP amplitude to the second pip of to 21 kHz, the largest fast effects were in the 8-10 kHz region as expected; however, the simultaneously measured slow effects were minimal for stimulus frequencies lower than 10 kHz and showed a prominent peak at about 14 kHz.
Mathematical description of slow effects
In order to quantify the time course and magnitude of the slow effect, a mathematical description of the slow effect was fit to the data. This allowed an accurate measure of the time constant of the decay of the slow effect and a comparison of the magnitude of the slow effect associated with each shock burst to that of the fast effect. These parameters are not easily determined by visual inspection of the data. The equations assume that each shock burst produced, in addition to a fast suppression of CAP amplitude that decays rapidly, a small decrease in CAP amplitude that decays exponentially with a time constant that is long relative to the shock repetition rate. A delay was added between the onset of each shock burst and the onset of the slow effect. The set of equations has three free parameters: (1) the time constant of the decay of the slow effects, (2) the asymptotic suppression of the CAP, which reflects the magnitude of the slow t each pair compared to the average CAP amplitude during the preshock control period:
% suppression = (1 -CAPJCAP,,,,,) * 100 B, Dependence of fast and slow effect on shock rate for the alternating shock-burst paradigm illustrated in Figure 2B . For this paradigm, the fast-effect measure compares the control CAP amplitude (no OCB shocks) on the first of five trials to the CAP amplitude with OCB shocks on the same trial:
% suppression = (1 -CAP,,,JCAP ',,, ,,,,,,+,) * 100 The slow effect measure compares the control CAP amplitude (without OCB shocks) for trial 1 versus trial 5: % suppression = (1 -CAP,,,,,,,_,/CAP,,,,,,,,,,) L 100 The acoustic stimuli were clicks 20 dB above threshold. The duration of shock bursts was maintained constant at 300 msec and the rate was stepped from 30 to 1000 pulses/set. Three such cycles were done in each animal. Each data point represents the mean value (+ standard error) from four animals. C, Magnitude of fast and slow effects as a function of tone-pip frequency, at sound pressure levels roughly 30 dB above threshold. Data were obtained in a way analogous to that described for A, except that tone pips were used as the acoustic stimuli, and the tone pip frequency was changed between each pair of tone pips, stepping systematically through the six values (from 8 to 21 kHz) displayed in the figure and then repeating the sequence. Data are mean and standard error from four animals. Tb and T, are the times the shock period began and ended, respectively, and Td is a variable delay time between onset of the shock onset and the onset of the slow effects; C is the control (baseline) amplitude of the CAP, a is the magnitude of the change in CAP amplitude at asymptote; and c1 is l/time constant. The parameters Tb, T,, and C were fixed. The other parameters (a, a and Td) were free and fit to the data with KALEIDAGRAPH software using a least-squares algorithm (Press et al., 1988) . The fractional suppression of CAP associated with each shock burst (S) was calculated as S = a(1 -e-c'=)), where I was the interval between shocks (1.5 set).
effect associated with each shock burst, and (3) the delay between shock onset and the onset of slow effects. As illustrated in Figure 9 , typical data from the shock-burst paradigm could be well fit with these equations (R = 0.9). However, the description did not attempt to account for the overshoot in CAP following the shock period: recovery of CAP amplitude in the mathematical description was constrained to the preshock control values. This constraint resulted in an underestimation of the time constant in cases where the overshoot was large. In the case illustrated in Figure 9 , the computed time constant was 33 set, the magnitude of the slow effect was a 2.2% reduction of CAP amplitude with each shock burst, and the delay-to-effect onset was 11.6 sec. Across all nine cases analyzed, the average bestfit parameters (? standard deviation) were time constant = 34.4 set (? X.8), suppression magnitude per shock burst = 1.92% 0 2000 4000 6000 8000 10000 12000
Time (see) Figure 10 . Perfusion of the Scala tympani with several concentrations of the cholinergic antagonist decamethonium reduces the magnitude of fast and slow effects of OCB stimulation on CAP amplitudes. Stimuli were clicks presented at 20 dB above threshold. Fast and slow effects were quantified as described in the caption to Figure 8B . The boxes along the time axis indicate the concentrations of the drug delivered and the time periods during which the cochlea was perfused.
(-6-0.42), and delay = 8.5 set (+ 5.5). For the same nine cases, the average fast effect was an 83% decrease in CAP amplitude. Thus, the slow-effect magnitude with each shock burst is about 2.3% that of the fast effect.
Pharmacological analysis of fast and slow effects
The fast effect of OCB stimulation on the CAP appears to be mediated by release of ACh onto outer hair cells (Eybalin, 1993) . To assess whether the slow effect is also mediated by ACh and whether a different receptor is involved, the actions of a variety of cholinergic antagonists on fast versus slow effects were compared. Fast and slow effects of OCB stimulation were measured using the paradigm illustrated in Figure 2B while antagonists were perfused through Scala tympani of the cochlea in increasing concentration. To illustrate how the effects of antagonists were measured, a case where the efferent effects were especially large is presented in Figure 10 . Here, decamethonium, a nicotinic cholinergic antagonist, was perfused in concentrations ranging from lo-' to 3 X 1O-5 M. There was little change in the magnitude of fast or slow effects until a concentration of 10e5 M was reached. Blockade of both fast and slow effects appeared complete at concentrations of 3 X 1O-5 M. There was little effect of decamethonium on the control CAP amplitude (not illustrated). The blockade induced by decamethonium was completely reversed when the drug was washed out by perfusion of the cochlea with artificial perilymph.
Both slow and fast OCB effects were blocked by a wide variety of cholinergic antagonists, and all the drugs that blocked the fast effect also blocked the slow effect. Blockade was concentration dependent and generally reversible upon washing the Scala tympani with artificial perilymph. For most drugs, the reversibility was immediate and complete; however, the blockade induced by curare took much longer to recover and was incomplete even after 1 hr of washing, a finding consistent with that Sigmoidal curves were fit to the data as described in the methods. The symbols used for the antagonists are as follows: 0, curare; A, hexamethonium; V, decamethonium; 0, atropine; & 4-DAMP; X, strychnine; +, bicuculline. Dose-response curves were fitted to the data as described in Materials and Methods. The effects of atropine were investigated at too few concentrations to allow an accurate determination of the dose-response curve; however, the EC,,, was estimated using the slope from the data for 4-DAMP The dose-response data for decamethonium were obtained after omitting the data from one animal that had particularly noisy values due to a minimal slow effect. From the sigmoidal curve fits, a measure of the steepness of the dose-response curves (equivalent to the Hill coefficient) was determined for each drug. Hill coefficients for the fast and slow effects, respectively, were as follows: strychnine, 1.42, 1.24; curare, 1.59, 1.62; hexamethonium, 2.31, 1.63; bicuculline, I .84, 1.92; DAMP, 3.3, I .66; and decamethonium, 1.08, 1.49. of Housley and Ashmore (1991) . Atropine and hexamethonium at high concentrations (100 p.M) produced a suppression of the control CAP amplitude, suggesting nonspecific actions were occurring at these high doses. Sigmoid curves were fitted to the dose-response data for each antagonist on both the fast and slow effects (Figure 11 ). There was no clear separation in potencies of the nicotinic antagonists (curare, hexamethonium, and decamethonium; filled symbols) from the muscarinic (atropine and 4-DAMP; open symbols) or the nontraditional blockers (strychnine and bicuculline). Strychnine was the most potent agent tested, and curare, a nicotinic receptor blocker, was more potent than atropine, a muscarinic blocker. For both the slow and fast effects, the order of potencies was strychnine > curare > 4-DAMP > decamethonium > atropine 2 bicuculline > hexamethonium (based on the EC,,, values, i.e., the concentration producing half maximal blockade).
Although the drugs displayed a wide range of potencies, the concentrations required to block the slow effects were similar to those required to block the fast effects. When the EC,,, values for the fast effect blockade were plotted against the EC,, for the slow effect blockade for each drug (Fig. 12) , the two sets of EC,, values were well correlated. All the drugs blocked the slow effect at a slightly lower concentration than the fast effect.
Discussion
Physiological mechanism of slow effect
There is considerable evidence that fast effects of OCB stimulation are mediated by myelinated fibers of the medial olivocochlear system (MOC) synapsing on outer hair cells rather than the unmyelinated LOC system targeting the afferent terminals under inner hair cells. Three of the strongest arguments favoring this view are (1) that peripheral effects seen when stimulating at the floor of the IVth ventricle are.identical to those seen when stimulating near the cells of origin of the MOC system Gifford and Guinan, 1987) , (2) that the dependence of these suppressive effects on shock rate (as illustrated in Fig.  8B ) is not consistent with what is known about the electrical excitability of unmyelinated fiber pathways (which tend to respond best to significantly lower shock rates), and (3) that the suppression of CAP is associated with an enhancement of CM, which is well explained by postulating an MOC-mediated increase in the conductance of the outer hair cells.
Observations in the present study allow two of these three arguments to be made for a similar association between slow effects and the MOC pathway to outer hair cells: (1) slow effect magnitude varies with OCB shock rate in a way similar to that of fast effects (Fig. SB) , and (2) slow CAP suppression is also associated with slow CM enhancement (Fig. 7) . No data are available comparing the extent to which slow effects can be generated by direct stimulation in the region of the cells of origin of MOC versus LOC systems. However, the present study also provides evidence that fast and slow effects are mediated by the same cholinergic receptor, given the similarity in pharmacological profiles for blockade of the two effects with a wide variety of cholinergic antagonists (Figs. 11, 12 ; discussed below).
Several other potential mechanisms for the OCB slow effects can be ruled out. The disappearance of slow effects upon OCB section provides strong evidence that the ,phenomenon is not due to direct influence of the shocks on the cochlea. These data also argue against the possibility that the shocks are affecting cochlear blood flow by activation of autonomic fiber pathways, since the known pathways for vascular innervation of the cochlea would not be interrupted by these cuts (Hozawa et al., 1989) . Furthermore, the cochlear vasculature is innervated by sympathetic adrenergic fibers (Spoendlin and Lichtensteiger, 1967) yet slow effects are completely blocked by perfusion of the Scala tympani with cholinergic antagonists. The hypothesis that the slow effect is due to increased OC fiber activity with prolonged electrical stimulation is ruled out by the persistence of the lingering suppression, associated with the slow effects, when the OCB was sectioned immediately following the shocks (Fig. 4C) . The fact that slow effects were demonstrable in cases in which both middle-ear muscles had been surgically inactivated eliminates this feedback pathway as a source of the phenomenon.
A slow amplitude change has been demonstrated in the distortion-product otoacoustic emissions (Brown, 1988) and is thought to be mediated by a GABAergic component of the OC system (Kirk and Johnstone, 1993) . However, the slow changes in otoacoustic emissions differed from the slow effect described in the present study in having, (1) a slower time course, (2) a distribution toward lower frequencies, and (3) a pharmacological insensitivity to strychnine, thus suggesting that they are not mediated by the same process.
Moleculur mechanisms of slow versus ,fi;lst effects
The present study's in vivo pharmacological experiments support the prevailing notion that the receptor mediating the effects of OCB stimulation has a unique pharmacological profile, in that it can be blocked by nicotinic and muscarinic antagonists, as well as strychnine and bicuculline. The order of potencies of these antagonists determined by a comparison of their EC,, values is in good agreement with the results of Kujawa et al. (1994) on the pharmacology of contralateral noise suppression of otoacaustic emissions (a phenomenon mediated by MOC activation). The concentrations of antagonists needed to block the soundevoked effects of the MOC system reported by Kujawa et al. (1994) are lower than those required to block the effects of electrical stimulation observed in our study. This result is expected since electrical stimulation produces a more massive release of ACh (as evidenced by larger CAP suppressions), and the antagonists are competing with ACh for the receptor. The most parsimonious interpretation of the pharmacological data in the present study is that both fast and slow effects are mediated by the same postsynaptic receptor. For the wide variety of antagonists tested, potencies (measured by EC,,+) were similar on both the fast and slow effects. The observation that both fast and slow effects were associated with increases in the CM suggests that both involve increased conductance at the outer hair cell. Studies on isolated outer hair cells from guinea pigs (Housley and Ashmore, 1991; Kakehata et al., 1993; Erostegui et al., 1994) and chicks (Fuchs and Morrow, 1992) have shown that application of ACh produces, within 50-100 msec, a hyperpolarizing potassium current that is due to the activation of calcium-activated potassium channels. These channels are activated by a small, transient inward current carried in part by calcium that is associated with binding of ACh to the receptor. Thus, in some sense, the fast effect can be considered to be mediated by a fast second messenger (calcium).
A good candidate for the ACh receptor on outer hair cells is an o9 subunit recently cloned by Elgoyhen et al. (1994) . Pharmacologically, the homomeric 019 receptor is unique in that it is not activated by nicotine, and is blocked reversibly by a-bungarotoxin, curare, atropine, and strychnine. The order of potency of these antagonists for blocking the a9 receptor is the same as that for the cholinergic receptor in the cochlea. Homo-oligomers of a9 seem to be permeable to calcium. All these characteristics match those of the ACh receptor on the outer hair cell (Housley and Ashmore, 1991; Kakehata et al., 1993; Erostegui et al., 1994; Kujawa et al., 1994) . In addition, Elgoyhen et al. (1994) show, with in situ hybridization studies, the presence of 019 transcripts in the rat inner and outer hair cells.
If we presume that the postsynaptic receptor transducing the signal delivered by ACh is the same for both the fast and slow effects, then there must be distinct intracellular mechanisms mediating the two effects. The mathematical description presented in the results suggests that the slow effect cannot be explained as a cumulative buildup of residual fast effect. A decay time constant almost 1000 times that of classic fast effects is needed for any substantial buildup to occur. It is plausible that the calcium entry associated with the fast effect is also responsible for generating the slow effect by either directly activating distant calcium-activated potassium channels or indirectly inducing release of calcium from intracellular stores to increase free calcium concentration and then activate calcium-sensitive potassium channels. The subsynaptic cisternae of the outer hair cell, located at the efferent synapse, and perhaps comparable in function to the endoplasmic or sarcoplasmic reticulum, is a likely calcium release site.
Another possible mechanism for generation of the slow effect, based upon in vitro studies on isolated hair cells (Kakehata et al., 1993; Yoshida et al., 1994) involves activation of a G-protein and the use of inositol triphosphate as a mediator. It seems unlikely, though, that a G-protein-linked ACh receptor on the outer hair cell would have the same unusual pharmacology as the ionotropic ACh receptor, given that the two classes of receptors have distinctively different structures and have little structural homology. That a single ACh receptor might have both pore-forming and G-protein binding properties also seems unusual, although mixed nicotinic/muscarinic receptors are postulated to exist in cultured mouse myotubes (Giovanelli, 1991) and bovine chromaffin cells (Shirvan, 1991 ). An understanding of the mechanisms for generation of the slow effect awaits further study.
If the slow effect is mediated by the same receptor as the fast effect, but by different intracellular mechanisms, one must suggest that those intracellular mechanisms are differentially distributed among hair cells along the length of the cochlea, since the fast effect has a frequency distribution that parallels the innervation of the organ of Corti by the MOC pathway, whereas the slow effect is restricted to a higher frequency region (Fig.  SC) . There are no known anatomical data, either with respect to hair cell ultrastructure or distribution of immunohistochemically distinct classes of OC terminals, that can (at present) provide a ready explanation for this differential distribution of OC effects along the cochlear spiral.
Possible functional signijicance of OC slow effects Although the present study does not directly demonstrate that slow effects are elicited when the OCB is activated acoustically, there is every reason to believe that they are. In the continuousshock paradigm, the shock rate was typically 15Q/sec, which is somewhat higher than the sound-evoked discharge rates in MOC efferents seen when stimulus level reaches 90 dB SPL (Liberman, 1988; Brown, 1989) . Thus, both fast and slow effects of sound-evoked activity might be somewhat smaller than those reported here; however, they also might decrement less rapidly given the overall decrease in ensemble MOC discharge rate.
If OC slow effects are restricted in all animals to cochlear frequency regions above 10 kHz, this clearly limits their potential importance to cochlear function in general. However, recent experiments with acoustic overstimulation suggest that the cochlear protection associated with activation of the OC system (Rajan, 1988) may actually arise from slow rather than fast effects (Reiter and Liberman, 1994) . The evidence for this association is circumstantial at present: (I) that protection is only demonstrable when the region of maximum threshold shift falls within the cochlear regions where slow effects are large, and (2) that protective effects disappear when the duration of the OC activation is increased such that slow effects are extinguished. If the protective effects are, indeed, mediated by the kind of slow OC effect described here, then the analysis presented here suggests that this kind of cochlear protection is based on secondmessenger mediated changes in the function of outer hair cells.
